It is well known that acoustic emission (AE) is a powerful nondestructive testing tool for examining the behavior of materials deforming under stress. One can use it to monitor fracture or damage in a rock mass by listening to AE events during failure under compressive loads. In this paper, an experimental study on the AE source location in square cylinder granite specimens under uniaxial compression is reported. In order to determine the three-dimensional location of AE events, eight AE sensors were mounted on the specimen. The AE source location was determined via the acquisition of eight channel AE sensors after filtering, processing, reporting, and visualizing seismic data. On the basis of the laboratory experiment results, the granite sample was numerically simulated via the Burgers model using the discrete element program PFC 2D (Particle Flow Code in Two Dimensions) to further study the mechanism of fracture initiation and propagation in intact rock. In PFC 2D , materials may be modeled as either bonded (cemented) or unbonded (granular) assemblies of particles. It can describe nonlinear behavior and localization with accuracy that cannot be matched by typical finite element programs. The consistency of stress-strain curves obtained with PFC 2D and with the test results shows that PFC 2D is a practical tool for reproducing AE events in rock, and use of the Burgers model is feasible in the field of rock failure and provides an analysis of the microcracking activity inside the rock volume to predict rock fracture patterns under uniaxial loading conditions.
Introduction
With the development of the national economy and defense construction, people gradually recognize that the uses of underground space play an important role in the improvement of ground environments such as subways, tunnels, and underground caverns. The safety of excavation in underground projects attracts more attention. The study of damage formation in jointed or bulk rock under stress has been a subject of widespread interest, and the results have led to a number of comprehensive texts (Eberhardt 1998; Falls and Young 1998; Eberhardt et al. 1999; Chang and Lee 2004; Golshani et al. 2007 ). The formation of the excavation damaged/disturbed zone is affected by various factors, such as stress redistribution and excavation methods (Wang et al. 2009 ). For many reasons, it is important to be able to predict the time, location, and intensity of potential rock fractures. Fracture development in stressed rock has been observed extensively in the laboratory via a number of methods. Nowadays, as an effective approach, acoustic emission (AE) techniques are broadly applied to rock in order to obtain information on crack initiation and propagation in rock engineering (Mlakar et al. 1993; Eberhardt et al. 1998; Lavrov et al. 2002; Lei et al. 2004 ). The acquisition of certain channel numbers of AE data can be analyzed to determine the three-dimensional location of AE events.
In spite of the extensive work and the numerous successes in predicting rock fracture behavior, our comprehension of the physical processes that ultimately control fracture behavior is still weak (Landis 1999; Cai et al. 2004; Leguillon et al. 2007 ). Because of the heterogeneous inclusions (rigid or soft), the magnitude of local stress is significantly higher than the magnitude of applied stress, especially when the material is highly heterogeneous. As local stress and strength vary in a random fashion, the failure site in the material also varies randomly, and does not necessarily coincide with the maximum stress location unless a strong interactive stage between microfractures is reached (Alkan et al. 2007 ). Diederichs (2003) has performed PFC analysis to achieve a good understanding of the effect of the heterogeneity of rock materials on the subsequent progressive fracture process. It logically follows that a better conception of heterogeneity will place us in a better position to formulate predictive models and predict rock fracture behavior.
However, little attention has been paid to the detailed theoretical investigation of the influence of rock heterogeneity on progressive failure that leads to the collapse of a rock mass under uniaxial compression. From this point of view, the numerical tool is a good means of gaining some insights into the problem of heterogeneous and anisotropic rock fracture propagation. In fact, during the past few years, with the rapid development of computing power, interactive computer graphics, and topological data structures, a large number of numerical methods incorporating heterogeneous material models have been developed for research on the rock fracture process, such as in the studies of Blair and Cook (1998a) , Tang and Kaiser (1998) , Liu et al. (2002) , Tang et al. (2007) , Feng and Hudson (2010) , Wang et al. (2011 , and . From the numerical methods and material models introduced above, it seems that a numerical method developed on the basis of a statistical material model is appropriate for research on the rock fracture problem.
In other papers (Cai et al. 2001; Fakhimi et al. 2002; Bertrand et al. 2005; An and Tannant 2007) , a method to characterize the rock mass damage based on microseismic monitoring is developed and a damage-driven numerical model for rock mass behavior simulation is presented. Softening of the rock mass due to fracturing is considered in a constitutive model based on micromechanics. The damage-driven model takes the microseismic monitoring information as inputs to determine the damage state (fracture density) of the rock mass and the resulting anisotropic softening. In this work, the acquisition of AE events and the AE source location was carried out on granite specimens under uniaxial compression. The numerical analysis was conducted using the numerical tool PFC 2D coupled with the Burgers model, which is used to characterize the viscoelastic-plastic contact characteristics between different material units and fully considers normal and tangential direction contact (Bizjak and Zupančcič 2009) . The simulation was compared with the laboratory test results to verify its ability to model crack initiation and propagation and the progressive fracture process of brittle rock.
Acoustic Emission Experiment
AE characteristics of rock undergoing deformation reflect all of the failure or damage behavior, which is very complicated for theoretical and analytical explanation. In the laboratory experimental test, the complexity of AE events during a rock failure or damage process is due to many factors, such as the composition and selfstructure of the rock material, the processing and precision of the specimens, the loading control method, and test environments. This is the main reason for the study on an AE experiment that cannot get the intrinsic properties.
Despite this, there are some significant characteristics derived from laboratory testing under present conditions. Uniaxial compression testing is the favored means to measure the uniaxial compressive strength (UCS) and study its damage mode and state. Thus, a study on rock AE is done to observe the characteristics of AE data under uniaxial compression. In the field of AE events under uniaxial compression, extensive laboratory test research has been conducted among domestic and foreign scholars (Weng et al. 1992; Cox and Meredith 1993; Tam and Weng 1994; Eberhardt et al. 1998; Watanabe et al. 2004; Nair 2006; Ishida et al. 2010) . In this study the AE experiments were conducted in the Experimental Centre of Rock Mechanics and Engineering at Northeastern University, China.
Sample Preparation
Granite samples from Quyang County in Hebei Province, China, were used; this granite is widely distributed in most of China's provinces. The granite specimens to be used in tests on physical properties were made into square prism samples. The sample preparation and testing procedure were in accordance with the testing standard of the International Society for Rock Mechanics. The determination of key experimental parameters such as Poisson's ratio followed previous research and the experiences of the authors (Chang and Lee 2004; Wang et al. 2007 ). Theoretically, the UCS for granite material ranges from 120 to 250 MPa depending on its constituent difference. For the specific selected granite samples from the Quyang County region, the UCS strength is recommended as 137 MPa based on the Chinese geotechnical testing code. Other recommended physical and mechanical properties and corresponding dimensions of tested rock samples are summarized in Tables 1 and 2 , respectively. However, the theoretical solution cannot be exactly reproduced in laboratory experiments because of the existing imperfections in the samples (i.e., initial cracks).
The samples were prepared in the Experimental Centre of Rock Mechanics and Engineering at Northeastern University. In Table 2 ) have been classified into three groups. For each group, the replication of the experimental tests has been checked, and the representative test (i.e. G3, G6, or G13) falls in the average AE rate range of the whole group. The presented results for G3, G6, and G13 are representative of all test responses. Therefore, only the experimental results and corresponding numerical simulations of these three representative groups (i.e. G3, G6, and G13) are presented in the remainder of this paper. The ratios of height to width or length of the specimens were 2, 2.14, and 1.5, respectively (see Fig. 1 ). Both ends of specimens were ground parallel to within 0.02 mm, and specimens were dried at 105 C before testing. Before the AE sensors were attached, petroleum jelly was applied to the surface of the specimens to enhance the acoustic coupling between the sensor and sample so as to ensure high-quality AE data.
Testing Equipment
The loading was performed using a YAG-3000 Microcomputer Controlled Rock Stiffness Testing Machine, which is produced by Hangzhou Popwil Instrument Co., Ltd. Its maximum loads for the vertical and transverse directions are 3000 kN and 400 kN, respectively, and the corresponding maximum compression testing displacements are 800 mm and 220 mm. The diameter of both pressure plates is 300 mm with 1 % testing precision.
At the same time, an AE system (Hyperion Seismic Software Suite, ESG Canada, Inc., Engineering Seismology Group) was adopted to detect damage and fracture in rock samples. ESG's Hyperion Seismic Software package is a suite of programs designed for filtering, processing, reporting, and visualizing seismic data. The modular Windows-based software platform uses an open database design that allows users to manage all aspects of seismic data flow, from acquisition and processing to detailed waveform analysis. Visualization and reporting are made easy with SeisVis, an interactive three-dimensional (3D) tool that outlays the characteristics of detected seismic events (location, magnitude, source parameters) on a digital map of the specific mine, reservoir, or structure being monitored.
The data-acquisition system Ultrasonic Concrete Testing, purchased from Proceq UK Ltd., was used to record the load and displacement. Ultrasonic Concrete Testing is based on the pulse velocity method and provides information on the uniformity of concrete, cavities, cracks, and defects. The pulse velocity in a material depends on its density and its elastic properties, which in turn are related to the quality and the compressive strength of the sample. It is therefore possible to obtain information about the properties of components through sonic investigations and apply it to AE tests. Figure 2 shows the AE experimental system of the rock uniaxial compressive test.
The diameter and the thickness of the AE sensors (HagiSonic, Korea) were 3.6 and 2.4 mm, respectively. The main frequency band of the AE sensors was between 100 kHz and 1 MHz. To easily attach AE sensors to samples and obtain the same sensitivity for each sensor, an electron wax was used. AE signals measured in the sensors were amplified by 40 dB with pre-amplifiers (PAC model 1220 A). Figure 3 shows the sample before loading with attached sensors and strain gauges. The mechanical and AE measurements were conducted in the conventional uniaxial compressive test configuration. Figure 1 shows the locations of eight sensors attached to the specimen during the uniaxial compressive test to determine the AE source location. Of these, four sensors (numbered 1, 2, 3, and 4) were attached near the bottom of the specimen, centered relative to each of the four sides, and the other four sensors (numbered 5, 6, 7, and 8) were mounted on the upper part of the specimen (Hou 2009 ).
Theoretically, one AE event location can be detected accurately by three sensors. In the current work, eight sensors were employed to guarantee that all the AE event locations could be distinguished at a high confidence level ).
Experimental Procedures
During the uniaxial compression test, the loading rate of displacement was controlled at 0.02 mm/min. In addition, the Ultrasonic Concrete Testing system manufactured was used for the AE measurements. Considering background noise, the AE trigger level was set to 40 dB. Time parameters for AE wave forms included peak definition time, hit definition time, and hit locking time.
Experimental Results
Rock Failure Pattern- Figure 4 displays the failure pattern for the three representative specimens tested. It can be clearly observed from the failure mode that despite the differences in dimensions (samples ranged from 7 to 10 cm in width and 15 to 20 cm in height), a similar damage pattern was observed involving longitudinal splitting parallel to the loading direction. No size effect was detected with respect to the ultimate failure pattern for the specimens tested.
Acoustic Emission Characteristics-The AE location process for rock specimens of different sizes is shown in Figs. 5 through 7.
The AE events first appeared in the smaller rock sample G6 (7 by 7 by 15 cm 3 ), and it is noteworthy that the AE events of G6 are in a dispersed state at the initial stage of acoustic emission (50 % of peak loading), rather than in the lower part of the sample as in the larger rock specimens. A large amount of AE events occurred in the middle of rock specimen G6, and with increasing loading, these became more dominant than those near the ends of the specimen. Eventually, the increasing loading led to the initiation and propagation of microcracks. As a result of the large quantity of microcracks, penetrating cracks appeared, which resulted in a dispersed failure pattern.
AE events around the ends of samples were observed in early stages in rock specimens with larger dimensions (G3 and G13). These AE events indicate the propagation of microcracks through the sample to the middle of them, which is most likely due to end effects. Specimen end effects can dominate the AE location pattern significantly if stress concentrations develop. Such a phenomenon is introduced because the sample preparation and grinding of flat parallel sample ends cannot be replicated perfectly in different samples, which is a limitation of rock testing. Even a slight difference can result in significant variability in AE results.
As an interpretation of the variation of AE events with applied loads in Figs. 5 through 7, one can infer that the AE characteristics of the rock samples were similar for all sample sizes in terms of the following: (1) During the initial loading stage, there was little AE activity. (2) As the load reached about 60 % of the failure load, the AE activity became more intense. (3) When the external load approached the ultimate strength, the AE activity increased rapidly. To illustrate this observed phenomenon more clearly, the correlations between the occurrence of AE events and the applied axial stress of rock samples are shown in Fig. 8 . The UCS of the test specimens is expected to be lower than the value of 137 MPa recommended in the Chinese geotechnical testing code, as explained above. As shown in Fig. 8 , around 70 to 110 MPa was applied in a sense that the failure mode of rock samples has been observed. The smaller testing UCS strength is partly due to the initial microcracks and imperfections existing within the rock sample.
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According to the relation between AE number and stress, no matter what size the rock specimens are, at the initial stage of loading there are barely any AE events. After the load reaches 50 % of failure strength, AE events become obvious in the rock samples. Sample G13 (10 by 10 by 15 cm 3 ), with a height-to-width ratio of 3:2, entered a peak period of AE events when 60 % of the failure strength was applied. At 70 % of stress, this trend transitioned to a period of slow increase, and another vertex occurred at 80 % of stress. However, before the ultimate failure, the increment of AE events for G13 was less than for the other two sizes of rock samples. In contrast, with a height-to-width ratio of 2:1, the curves of G3 and G6 (10 by 10 by 20 cm 3 and 7 by 7 by 15 cm 3 , respectively) maintained stable growth after 50 % of peak stress. By the final stage of failure, AE events had increased significantly in comparison with the earlier stages.
The total AE numbers at the failure modes of different testing models are different. Thus the AE number for each specimen is normalized against the total AE number so as to better compare the increasing rate of AE events. Figure 9 reflects the relations of such increasing rates (normalized AE numbers) and the corresponding applied stress. G13 showed an obvious increase in AE rate when the loading increased from 60 % to 70 %, which is different from the curves of G3 and G6. At the other stages, the three kinds of rock specimens maintained consistency with no significant disparity.
According to Fig. 10 , the loading time (loading phase) when G6 and G13 underwent a significant increase in AE events was earlier than that for G3. This can be interpreted as meaning that the slowly increasing stage of AE events is much shorter for the smaller rock sample than for the relatively larger samples, which means that the smaller sample enters into the stable increasing stage of AE events much earlier. However, all test samples exhibited consistency of loading time at 90 % of applied loads for the rapid growth stage of AE events.
It can be observed from all of the comparisons among the three types of testing models that the differences in the AE curves for G3, G6, and G13 cannot be attributed to size effects. The AE data can vary greatly from test to test because of end effects (as discussed) as well as the presence of imperfections and planes of weakness in the samples. The end effects could be influenced by the slenderness ratio of the sample in such a way that the uniaxial stresses in the center of the sample would be altered. The free development of fractures in more slender samples is allowed when confining stresses are less. Then axial splitting of the rock would be promoted, which leads to the brittle failure mechanism. In contrast, larger developed confining stresses in the center of the sample due to reduced slenderness would inhibit crack development and promote shearing and friction mobilization (i.e., plastic postpeak behavior). Table 2 shows that sample G13 had a significantly lower P-wave velocity than the rest of the samples tested. This may be an indication of a large, preexisting flaw/fracture in the sample, which might explain its different AE-versus-stress response. Even though small differences between testing models exist, the general behavior is consistent for all samples.
Numerical Modeling

Numerical Tool
PFC (Cundall and Strack 1999) , from Itasca Consulting Group, is a powerful numerical tool for analyzing geotechnical problems. The geomaterials are reproduced by a random assembly of circular particles (grains), and the bonding effect is modeled to present the contact between particles. Different bonding strategies help engineers to solve various issues, from rapid flow to brittle fracture of a stiff solid. The discrete element approach is employed in the PFC package, which enables one to locate microcracking within geomaterials. Therefore, AE events and AE locations of heterogeneous and anisotropic materials such as rock and concrete can be easily distinguished by PFC (Hazzard et al. 2000; Simizu et al. 2010) .
Energy is stored in the element during the loading process and is released as AE through the onset of elemental failure. AE in simple terms is defined as a transient elastic wave generated as an outcome of material deformation. This stress wave propagates through solid due to the energy released during the deformation process. The amount of released acoustic energy depends primarily on the size and the speed of the local deformation process (Hazzard et al. 2000; Lai and Zhang 2008) . During the whole failure process in rock, the relationship connecting the rock strain, the number of AE events, and the degree of damage is as follows: e / N / D (Cundall and Strack 1999) . Based on the AE event numbers, the constitutive equation of the degree of rock damage can be expressed as
We define m as the homogeneity index of the rock (Huang 1999) , with a larger value of m implying a more homogeneous material and smaller values suggesting less homogeneity.
In this numerical simulation, the model is constructed on the basis of the heterogeneity of rock at a mesoscopic level by assuming that the material properties conform to Eq 1. The specimens undergo an external load that is applied slowly by the relative motion of the upper and lower rigid plates at a constant rate of 0.02 mm/min.
Brief Description of the Numerical Simulation
As the counterpart of the experiments on the rock failure process, numerical testing was conducted on three groups of specimens. The 3D numerical models should be utilized to reproduce 3D experimental results. However, the computational efforts involved in 3D full-scale simulations are expensive, such that simplification with two-dimensional (2D) models can be used to represent testing results to a relative credence extent with minimal costs. Based on the fixed radii of the particles, the radius ratio, and the porosity, the PFC 2D model is composed of particle elements under random distribution through four frictionless walls. At first, models were built at the actual size: G3, 200 mm by 100 mm; G6, 150 mm by 70 mm; and G13, 150 mm by 100 mm. Different ratios of particles were adopted so as to simulate realistic heterogeneity and anisotropy, which conformed to a normal distribution from R min to R max (R min ¼ 1.75 mm and R max /R min ¼ 1.66). Other basic parameters of the granite PFC 2D model are shown in Table 3 . Rock material manifested typical viscoelastic-plastic characteristics. The normal Burgers model is used to characterize the viscoelastic-plastic contact characteristics between different material units and fully considers normal-and tangential-direction contact (Bizjak and Zupančič 2009) . To simulate the mechanical behavior of a particular rock, Quyang granite (China), some numerical calibration tests were necessary. Calibration involved finding the micromechanical parameters of the assembly from macroscopic properties such as Young's modulus and the uniaxial compressive strength. In order to perform this calibration, we estimated the micromechanical parameters using the work of Huang (1999) . To model the contact interaction between particles, the built-in bond model in Discrete Element software, PFC 2D , was selected to represent the bonding characteristics of the rock material. The physical meaning of the bond model is demonstrated by the uncracked and cracked strength between elements. The different mechanical phenomena are designated as Living and Dying, where full and null strength are possessed by the bond model, respectively. The parameters in PFC 2D are the normal and shear stiffnesses of the contact K n and K s , the radii of the particles, the normal and shear strength of the contact bonds T n and T s , and the coefficient of friction between particles l. The calibrated unconfined compressive strength, Young's modulus, and Poisson's ratio are listed in Table 4 . Other microparameters of the damage model are presented in Table 5 . The calibration of the parameters in Tables 4 and 5 can be seen in Fig. 11 , where a comparison between the laboratory testing results and the numerical simulation with respect to sample G6 is presented. From this it can be observed that the damage model (Burgers model) produces a better fit of the data than the regular model. The small testing UCS strength, as a counterpart to the theoretical UCS strength indicated in Table 1 , is partly due to the initial microcracks and imperfections existing within the rock sample.
In Fig. 12 , the numerical model is presented. After the sample was created, the lateral walls were adjusted to create a hydrostatic pressure equal to 7.5 MPa. Then the upper and lower walls were moved slowly to simulate the biaxial test, while the movement of lateral boundaries was controlled to keep the lateral pressure constant and equal to 7.5 MPa. Then the load at a constant displacement increment of 0.02 mm/step was applied in the vertical direction. The specimen was loaded up to failure, and the whole force-displacement curve was recorded.
Note that throughout this paper, following the conventions of rock mechanics, compressive stresses and strains are taken as positive, whereas tensile stresses and extensional strains are taken as negative.
Numerical Results
The numerical simulation of the UCS test of rock samples is relatively simple and has been studied by many researchers (Blair and Cook 1998b; Fakhimi et al. 2002; Bäckström et al. 2008) . The stress-strain curve of an idealized rock particle damage model can be seen in Fig. 13 . In general, the damage process can be divided into four phases, corresponding to phases OA, AB, BC, and CD in Fig. 13 . The slope of the stress-strain curve for brittle failure (type 2) is nearly linear instead of nonlinear, which can be explained by the initial particle distribution leading particles to be in contact with and bonded to each other. This is in contrast to plastic failure (type 1), in which a larger number of open flaws in the rock are being simulated.
The four failure evolution phases are summarized as follows: (1) Phase OA: the slope of the stress-strain curve is gradually increasing, which can be seen in Fig. 13 . In actual testing of rock samples, inherent flaws within the rock (along grain boundaries, through mineral grains, etc.) that are preferentially oriented relative to the loading direction will close, resulting in increasing stiffness in the stress-strain curve. In the numerical model, unless some particles in the model are not bonded, representing an initial presence of microcracks, this phase will not appear. In the current study, the particles in the model were not in close contact with each other; such microcrack closure can be modeled implicitly by shortening the distance between particles under external loads. (2) Phase AB: the rock remains in the elastic deformation path, and the slope of the stress-strain curve is constant. The bond between particles starts to weaken with increasing loading. All particles feature a load-dependent strength in terms of peak and residual strength as defined in Tables 4 and 5 . The residual strength will be activated and employed after the bond has ruptured. For a detailed modeling strategy, refer to Cundall and Strack (1999) . The microcrack initiation marks the end of phase AB. (3) Phase BC: rock starts to deform in the plastic path, where the slope decreases gradually. The localized cracks increase with the strain and lead to failure of the sample. This phase can be recognized as the critical failure phase. The nonlinear deformation increases significantly and more internal microcracks form, which result in macrocracks eventually. (4) Phase CD: the post-failure phase is characterized by type 1 and type 2 post-failure mechanisms corresponding to plastic failure and brittle failure, respectively, according to Fig.  13 . For civil engineering projects, the plastic failure of material is favorable because the post-peak strength can provide an additional factor of safety. In contrast, brittle failure occurs with no signs of collapse, which leads to a substantial loss of strength and catastrophic consequences.
The numerical simulation of different failure evolution phases by means of PFC 2D is presented in Fig. 14 to show how the particles are changing during each loading stage. The contact bonds after the initial microcrack closure are shown in Fig. 14(a) . There is not much more space for particles to move at this stage. The black lines define the positions of all particles at this stage. With an increase in imposed loading along the axial direction of the rock sample, particle bonds will start splitting apart as adjacent particles are pressed between neighboring bonded particles. Such strength degradation is relevant to the particle movement. Negligible cracks can be observed from particle arrangement in Fig. 14(b) , which corresponds to the initial linear loading stage. 
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More localized cracks can be noticed from the particle distribution and the development of macrocracks during the initiation stage, as is evident in Fig. 14(c) in the form of more white voids within the model. The failure mode is featured by gradual obvious macrocrack propagation in Fig. 14(d) , in which the black and red lines represent the contact bonds and broken bonds, respectively. For interpretation of color in Fig. 14 , the reader is referred to the web version of this article. The difference between the contact bonds in the initial stage and the final stage can be noticed. Figure 15 shows the simulated stress-strain curve for the current study and the associated cumulative AE events. The curve has a substantial linear region (line before point A), a nonlinear (AB) region, and a clear post-peak region (BCD, strain softening). Only relatively larger energy losses can be monitored as AE signals. During the initial deformation or linear-elastic phase (before point A), little elastic energy is released, although some failure events occur because of heterogeneity. The released energy is small, which is not relevant. The circles in Fig. 15 represent large distinguishable energy releases. An increasing rate of failure events accompanies the inelastic phase (AB) and the failure stage (BCD). In comparison with the experimental data for the reference rock sample G6, the simulated uniaxial compressive strength and elastic modulus are relatively accurate (see Fig. 11 ).
With careful choice of intact rock and micromechanical parameters, using the calibrated procedure, it has been shown that PFC could be used in modeling the strength and fracture behavior of intact rock.
Discussion
The dependence of a rock sample's strength on its dimensions is generally attributed to the presence of fractures and cracks in specimens. The exact nature of this dependence is poorly understood (Da Cunha 1990) . The literature presents a number of contradictory opinions and observations on the complex problem of scale effects in the determination of rock strength. Bernaix comments that not only the scatter in the testing results but also the mean values are a function of the specimen sizes (Wang et al. 2009 ). Li et al. (2011) found out that the failure mode of hard rock may be transformed from shear to slabbing when the height:-width ratio of the prism specimen is reduced. Other authors reported that the specimen size has no influence (Wang et al. 2009 ). The above-discussed laboratory testing results showed a negligible size effect. The mechanical difference in rock strength and deformation characteristics for various sizes of samples is believed to be attributable to end effects. This research now is trying to discuss such controversies as whether it is size effects or end effects influencing the anisotropic deformation of heterogeneous rock.
As an in-depth study of the phenomena, short parametric analyses were conducted using PFC 2D based on the fact that the Burgers model and the available set of constitutive parameters are capable of predicting the stress-strain behavior of rock samples relative to that in experimental tests. Different numerical models with various dimensions under plane strain conditions were investigated. A detailed discussion is presented in the remainder of this section.
The rock specimens are categorized into four groups (M1, M2, M3, and M4) here with dimensions of 100 mm by 50 mm, 100 mm by 100 mm, 100 mm by 200 mm, and 100 mm by 400 mm, respectively. The physical and mechanical parameters used here are presented in Table 6 . Figure 16 shows the stress-strain curves of four groups of rock samples with different dimensions. It is apparent that the rock models present the brittle failure mechanism regardless of the aspect ratio. A slight difference in secant stiffness until peak load can be detected. The model with a slenderness ratio of 1:1 has the highest overall stiffness, followed by the models with aspect ratios of 1:2, 1:0.5, and 1:4. There is no consistent pattern to indicate the correlation between secant stiffness and model dimension. The peak loads for the three models M1, M2, and M3 are very close, in the range of 26.5 to 30 MPa, wheras the M4 model has a much smaller peak strength of 20 MPa. The height of model M4 is more than twice that of the other models, which means more particles are assembled. The potential for failure would be increasing, as more bonding elements are involved and it is easier for the cracks to develop along these bonding elements.
A detailed illustration of the M3 sample (slenderness ratio of 1:2) is presented in Fig. 17 . As the load increases, the slope of the stress-strain curve (modulus) decreases gradually. The interaction between particles becomes stronger when loads increase from points O to A. The stress-strain curve starts to present nonlinearity near the peak applied load after point B. Such a nonlinear branch is very short for typical brittle material. Micro-level particle fracture starts to influence the macromechanical behavior of the sample. With further interaction of particles, the moduli drop and the softening characteristics emerge. When the load increases beyond the peak strength, the rock sample enters the post-failure phase. Macrocracks are concentrated, which leads to a loss of bearing capacity in the rock model.
The role of end effects is identified here as a possible factor causing a heterogeneous stress state. For more slender samples, the end effects do not influence the uniaxial stress state in the middle of the sample, allowing axial cracks to develop freely. When the sample width increases and the end effects interfere more with the stresses that develop in the middle of the sample, a more confined stress state develops and the corresponding failure mode is altered. Such alteration of failure modes can be noted in Fig. 16 , where the stress-strain curves for all samples are following the At the same time, the other samples start to enter the nonlinear deformation range. The early failure of M4 is mainly due to the fact that no confining pressures are generated by the end effects to further support the stability of the rock sample. The stresses develop freely in the middle of the sample, which leads to lower stress relative to the other samples. The stress hardening of three samples (M1, M2, and M3) could be directly related to the confining pressures provided by the end effects. With increasing slenderness, there would be reduced end effects and therefore more uniaxial stress in the center of the sample, allowing fractures to develop more easily and promoting axial splitting and a brittle post-peak response. With decreasing slenderness, the corresponding increase in confining stress in the center of the sample would inhibit crack development and promote shearing and plastic post-peak behavior. Intuitively, the M1 sample should present the highest confining pressures due to the end effects and have the largest peak axial stress. However, the M2 sample, with an aspect ratio of 1:1, has the greatest peak stress in Fig. 16 , which is assumed to be a limitation of the current numerical model. 2D modeling may neglect some key characteristics of the model, and further improvement of the constitutive behavior in PDF 2D should be carried out to facilitate understanding of the phenomena.
Conclusion
Laboratory experiments and numerical simulations were performed to investigate the dependence of the fracture behavior of intact rock on varying factors. Measurements of acoustic emission (AE) and the source location were conducted on granite specimens under uniaxial compression conditions in the laboratory first. The Burgers model was then introduced to perform the numerical analysis using the numerical tool PFC 2D to deal with rock characteristics of heterogeneity and anisotropy. Although the simulations in this study were conducted in two dimensions, the results of the crack initiation, propagation, and full progressive fracture process were quite comparable with experimentally observed results. The analysis of the constitutive stress-strain relationship of rock samples verifies its effectiveness in predicting the experimental results. However, this does not mean that such modeling is sufficiently realistic for all the problems it might be applied to.
After the effectiveness of the numerical simulation had been proven, further parametric studies were conducted to investigate the influence of size effects on the stress-strain curves of rock samples. It is concluded that the size effects do not exert significant influence on the mechanical characteristics of rock samples. The different failure evolutions for various models observed from numerical simulations are speculated to be due to end effects rather than size effects. Various end dimensions of rock samples may lead to the development of different uniaxial stresses in the center of the sample. The altered fracture pattern along the sample would be induced by confining stresses in such a way that cracks would be promoted or inhibited by these stresses. The limitation of the current analyses is associated with capturing the end effects through clear evidence. Further improvements in extracting key information to prove such a sophisticated end effect phenomenon in the PDF 2D model should be made in order to facilitate our understanding.
